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Abstract 
In the present paper the combustion behaviour and soot generation of different neat vegetable oils on a direct injection optical diesel 
engine have been investigated using in-cylinder pressure based combustion analysis and high-speed two colour method. A single-
cylinder optical diesel engine with an electronically controlled common-rail fuel injection system has been used for this study. Four 
different vegetable oils, Jatropha, Croton, Rapeseed and Sunflower oil, have been tested at 120 MPa injection pressure and fuel 
temperatures of 60 and 90 ?C. All tests were performed at fixed injection timings and fixed engine speed at 1200 rev/min with pilot 
and main injection.  
The experimental results show that although all four bio-oils have very similar physiochemical properties, some differences in their 
combustion and soot generation behaviour have been observed. It was concluded that sunflower oil (SFO) had very good 
combustion properties at lower temperatures compared to other fuels. While croton oil (CO) did not have outstanding combustion 
behaviour at any conditions, the combustion of Jatropha oil (JO) was improved at higher fuel injection temperatures. 
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1. Introduction 
The combustion of fossil fuels in internal combustion engines and power plants are one of the main sources for global 
CO2 emission and fossil fuel depletion. Biofuels are one of the many solutions for a greener environment and can be 
used in spark ignition and compression ignition engines. In this work the use of raw vegetable oil in a compression 
ignition engine has been investigated. Many researchers have extensively investigated the performance of neat 
vegetable oils in internal combustion engines in recent literatures [1-5]. Although neat vegetable oils have relatively 
high heating values, very low sulphur contents and are totally renewable, there also exist a number of disadvantages 
due to different fuel properties causing problems. Especially the viscosity of vegetable oil, which is about 20 times 
higher than normal diesel, causes durability and starting issues of the engine. To gain an understanding of the 
combustion behaviour in compression ignition engines, combustion analysis based on recorded in-cylinder pressure 
data during each cycle is a very reliable and cost effective method to get information about indicated power output, 
heat release rate and combustion efficiency. However, to get more detailed knowledge of combustion process, such as 
flame temperatures, flame propagation and soot and NOx formation zones, etc., more sophisticated methods must be 
used in modern engine research, such as optical diagnostic tools. Although those techniques are very expensive, 
without the use of such an optical insight into the combustion process no further development and improvement seem 
to be possible in direct injection engines [6]. In this study direct high-speed photography and two-colour method have 
been used to gain information about local flame temperatures and soot concentration. The combustion of diesel and 
diesel-like fuels causes high luminosity due to thermal radiation of soot particles at high temperatures. To take 
advantage of its luminous nature, the two-colour method has been developed to measure diesel combustion 
temperatures [7, 8]. The two colour method has been applied in previous studies already and has shown that it can be 
used as a reliable tool for soot generation and flame temperature analysis [9-11]. 
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2. Experimental set-up and test procedure 
Tests were conducted on a Jiangling Motors R425 dual overhead cam (DOHC) four-cylinder diesel engine. The engine 
has been modified to run on only one cylinder. The cylinder was lengthened and a quartz window was installed in the 
piston head so that in-cylinder combustion process could be visualized through a 45° mirror below the quartz window. 
The engine specifications are shown in Table 1. 
 
Table 1: Engine specifications 
Engine type 
Single cylinder, 4-stroke,  
naturally aspirated, no EGR, 664 cm3 
Bore/Stroke/Rod length 92 mm / 94mm / 160mm 
Geometric compression ratio 17 
Number of intake/exhaust valves 2/2 
Injection system Bosch common rail, Pmax=160MPa 
Tested speed 1200 rev/min 
 
The schematic diagram of the experimental system can be found in [9]. In-cylinder pressure was measured using a 
Kistler pressure transducer which was mounted through an opening in the cylinder head. The high speed camera was a 
PHANTOM v7.3 CMOS colour camera with broad-band Bayer filters used for the classic two-colour method [12]. 
Exposure time was set to 10 μs as an optimal trade-off which maximized signal-to-noise ratio at lower temperatures 
while minimizing saturation at the higher temperatures. The aperture was set to f/16. Furthermore, the resolution was 
512×512 pixels, and the recording speed was 10 kHz. Through two-colour method, two-dimensional false-colour 
maps of soot temperature and soot concentration were calculated based on the flame images. The soot concentration 
was expressed as the KL factor, which is proportional to the soot volume concentration [13]. The two-colour system 
was calibrated using a blackbody calibration furnace. An example of the two-colour method images can be found in 
Figure 2. In this work four different neat vegetable oils (two edible and two non-edible) have been used, whose 
chemical and physical properties are shown in Table 2. 
 
Table 2: Main properties of test fuels [14]. 
 JO CO RSO SFO Diesel 
Density @ 20 ? (kg/m3)  903.2±1.7 917.3±1.0 907.1±0.9 914.5±0.6 828.1±0.6 
Viscosity @ 40 ? (mm2/s)  30.3±0.4 25.7±0.4 31.0±0.3 27.6±0.4 2.4±0.6 
LHV @ 20 ?  (MJ/kg)  37.22 37.02 37.09 36.81 42.91 
Flash point (?? 186-280 74 258 232 75 
Cetane number  33.7-38.1 45 37.6 37.1-41.8 47 
 
The tests were performed at a fixed injection pressures of 120 MPa and two different fuel temperatures of 60 ?C 
(unheated) and 90 ?C with the same pilot and main injection timing (-20 and -5 CAD after TDC). The engine speed 
was selected as 1200 rev/min, and the injection duration was set to 300 ?s and 700 ?s for pilot and main injection. 
Usually, rail dynamics affect second and later injections such that the fuel delivery might be not constant even at the 
same injection duration. The injector has not been calibrated for each individual condition so that no statement of the 
total mass injection can be made. Also, the torque and brake power were not measured during the tests. 
 
 
Figure 1: Example of a raw image (a), a calculated flame temperature map (b) and KL factor (c) using two-colour method.  
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3. Results and discussion 
In the following chapter the results from the Kistler pressure transducer and the obtained images are presented and 
discussed. The most important combustion analysis parameters for all tested fuels at 60 and 90 ?C have been 
calculated by the KI Box for 10 consecutive combustion cycles. A summary of the results can be found in Table 3. 
 
Table 3: Combustion analysis results from in-cylinder pressure for 60?C and 90?C. 
Fuel at 60?C Croton Oil Jatropha Oil Rapeseed Oil Sunflower Oil 
Peak Pressure (bar) 55.4 ± 0.876 53.2 ± 0.675 57.5 ± 1.493 54.8 ± 0.961 
Peak location (CAD) 9.2 ± 0.431 9.2 ± 0.291 8 ± 0.187 8.4 ± 0.120 
IMEP (bar) 5.56 ± 0.261 5.21 ± 0.122 6.8 ± 0.522 5.9 ± 0.420 
SOC (CAD) 4.1 ± 0.332 4.2 ± 0.326 2.6 ± 0.249 3.1 ± 0.113 
Total HR (J) 655.0 ± 38.182 623.0 ± 20.844 840.5 ± 69.966 711.8 ± 53.569 
Misfire 1/10 0/10 5/10 1/10 
     
Fuel at 90?C Croton Oil Jatropha Oil Rapeseed Oil Sunflower Oil 
Peak Pressure (bar) 54.6 ± 0.484 53.6 ± 0.735 55.1 ± 0.994 54.6 ± 0.710 
Peak location (CAD) 9.1 ± 0.536 8.5 ± 0.292 8.6 ± 0.233 8.5 ± 0.178 
IMEP (bar) 5.11 ± 0.103 5.38 ± 0.135 5.36 ± 0.166 5.56 ± 0.324 
SOC (CAD) 4.3 ± 0.295 3.8 ± 0.194 3.6 ± 0.195 3.5 ± 0.147 
Total HR (J) 604.2 ± 16.662 647.7 ± 16.990 656.8 ± 20.454 670.5 ± 46.213 
Misfire 1/10 1/10 0/10 0/10 
 
The average peak cylinder pressure is highest for Rapeseed oil with 57.5 bar, followed by Croton, Sunflower and 
Jatropha oil with 55.4 bar, 54.8 bar and 53.2 bar, respectively. In all parameters RSO stands out from the other test 
fuels with a much higher total heat release of 840.5 Joule and very long combustion duration from 2.6 CAD after TDC 
to 65.7 CAD after TDC. Although the combustion parameters for RSO with an IMEP of 6.8 bar look quite promising 
at the first instance the ignition and combustion properties are substandard. During firing mode only half or the cycles 
actually caused ignition and power generation, and the high HR and IMEP seem to be caused by the unburned residual 
fuel from the misfiring cycles.  
Sunflower oil shows very promising combustion characteristics with a high power output of 5.9 bar IMEP and a fairly 
long combustion duration commencing at 3.1 CAD after TDC and ceasing at 61.5 CAD after TDC. The total heat 
released of 711.8 Joule on average per cycle shows that SFO performs well at these conditions. Table 3 also illustrates 
that Jatropha oil has the lowest peak pressure of 53.2 bar, the lowest power output of 5.21 bar and the lowest total heat 
released of 623.0 Joule per cycle. However, Jatropha caused no misfire and seems to have good evaporation and 
mixing properties even at lower cylinder temperature at the beginning. At higher fuel temperatures of 90?C the peak 
pressure is also highest for RSO with 55.1 bar, followed by SFO, CO and JO with 54.6 bar, 54.4 bar and 53.6 bar 
respectively. The power output however, is strongest for SFO with 5.56 bar and weakest for CO with 5.11 bar. Croton 
oil also shows the lowest total heat release and the shortest combustion duration of all fuels with 604.2 Joule and 53.1 
CAD, respectively. The highest total heat release is produced by SFO of 670.5 Joule, whereas the longest combustion 
takes place with Jatropha of 57.6 CAD. When comparing the test fuels at 60 and 90 ?C fuel temperatures, it can be 
noticed that Croton, Rapeseed and Sunflower oil achieve lower peak pressures, lower power outputs and lower heat 
releases when the temperature is increased. A possible explanation could be that the increase in temperature causes a 
lower density of the fuel and thus less fuel being injected into the cylinder. However, Jatropha oil shows a contrary 
behaviour and peak pressure as well as IMEP and heat release increase with higher fuel temperature.  
The average flame temperature was calculated with the two colour method for all four test fuels at 60 ?C and 90 ?C 
fuel temperatures as illustrated in Figure 2. RSO shows the earliest start of temperature rise, which indicates an early 
start of combustion. This matches with the results from the pressure transducer saying that SOC for RSO is very early 
at about 2.6 CA after TDC. However, RSO shows the lowest peak flame temperature of only 1984 K despite having 
the highest peak pressure of 57.5 bar (see Table 3). The rise in flame temperature of SFO is a few degree retarded 
compared to RSO, which also matches the SOC calculated with the in-cylinder data of 3.1 CA after TDC. The peak 
temperature timing is also slightly retarded with its maximum of 2033 K. CO has the highest peak temperature of all 
fuels with 2061 K, followed by Jatropha of 2043 K, but both fuels show a later start of temperature rise. It can be 
concluded that the retarded SOC for CO and JO leads to higher temperatures, which will favour NOx generation, but 
lowers soot concentrations. At 90?C fuel temperature the start of temperature rise and peak location is identical for 
RSO and SFO with a peak temperature of 2018 K. The early start in temperature rise compared to JO and CO does 
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here, however, not match with the combustion analysis results in Table 3 since the SOC of all for test fuels is quite 
close together. CO shows again, as for lower fuel temperature, the highest flame temperature of 2064 K followed by 
JO of 2025 K. 
 
 
Figure 2: Average flame temperature of the four different test oils at 60 and 90 ?C fuel temperatures. 
 
When comparing results between lower and higher fuel temperature it can noticed that all test oils have a stronger first 
peak at 90 ?C, probably caused due to pilot injection. The difference is most significant for CO and RSO. For SFO the 
difference is negligible, which is supported by the fact that SFO shows good and similar combustion behaviour at both 
fuel temperatures. All fuels, except RSO, indicate an advanced start of temperature rise at higher temperature. 
However, RSO is the only fuel, which experiences a higher maximum peak temperature at 90 ?C compared to 60 ?C 
fuel temperature. This can probably be explained with the fact that the peak temperature of RSO at 60 ?C was quite 
low due to many misfires. In terms of total soot generation all fuels, except Jatropha, produced less soot at higher fuel 
temperature. The better atomization and mixing properties at higher temperature and lower viscosity are assumed to be 
the main driver for this behaviour. 
4. Conclusion 
The combustion behaviour and soot generation of various vegetable oils have been analysed in this work. The two 
colour method matches well with the results from the in-cylinder pressure based combustion analysis. Based on the 
test carried out in this work the following conclusions can be made: RSO causes high peak pressure and power 
generation at 60 ?C, but only because the misfiring rate was high and a proportion of unburned gas remained in the 
cylinder for later combustion. SFO showed the best combustion characteristics at 60 ?C in terms of power, heat release 
and soot generation. The combustion behaviour of JO, however, was rather low at the same engine condition. At 90 ?C 
fuel temperature the misfiring rate of RSO dropped from 50 % to zero and power output and heat release values 
dropped significantly as well. At higher fuel temperature CO showed the lowest power output and KL number. The 
most promising fuels at 90?C were JO and SFO. When comparing the fuels at different fuel temperatures it can be 
noticed that all fuels except JO had a reduction in power and heat release at higher temperature, but JO showed a 
contrary behaviour. 
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